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Objective: When chondrocytes prepared from cartilage are expanded in monolayer culture, ﬁbroblast-
like cells gradually prevail. Although these prevailing ﬁbroblast-like cells are believed to emerge
because of the dedifferentiation of chondrocytes, the deﬁnite origin of the prevailing ﬁbroblast-like cells
has not been determined. We herein examined whether the prevailing non-chondrocytic cells observed
after monolayer expansion culture arise from dedifferentiating chondrocytes or are the result of the
overgrowth of ﬁbroblasts that are present at the start of the culture. We also evaluated whether chon-
drocytes dedifferentiate because they proliferate or because they are cultured in monolayers.
Methods: Chondrocytes were prepared from Col11a2-EGFP transgenic mice and Col11a2-Cre; R26-stopﬂox-
EYFP transgenic mice, which respectively express enhanced green ﬂuorescent protein (EGFP) and Cre
speciﬁcally in chondrocytes under the control of Col11a2 promoter/enhancer sequences. Col11a2-Cre;
R26-stopﬂox-EYFPmice express enhanced yellow ﬂuorescent protein (EYFP) only in cells which express or
used to express Cre. We performed a time-lapse observation of the chondrocytes during monolayer
expansion culture, and also observed the chondrocytes after treatment with mitomycin C.
Results: A time-lapse observation showed that Col11a2-EGFP chondrocytes underwent cell divisions, lost
GFP ﬂuorescence, increased cell numbers, and prevailed during the expansion culture. The observation of
the Col11a2-Cre; R26-stopﬂox-EYFP chondrocytes conﬁrmed that most of the cells after expansion in
monolayer culture had been chondrocytes. Mitotically inactive chondrocytes generated by treatment
with mitomycin C still underwent dedifferentiation, thus suggesting that chondrocyte dedifferentiation
is not associated with cell division.
Conclusion: The non-chondrocytic cells that prevail after the monolayer expansion culture of chon-
drocytes originate from chondrocytes, and are not generated by the overgrowth of ﬁbroblasts that are
present at the start of the culture. Chondrocyte dedifferentiation does not appear to be associated with
cell division.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
When chondrocytes from cartilage are cultured in monolayers
at a low density to increase the cell numbers, they lose their
cartilage phenotype1. This phenomenon is called the dedifferenti-
ation of chondrocytes. Chondrocytes are polygonal in shape and: N. Tsumaki, Department of
search and Application, Kyoto
to 606-8507, Japan. Tel: 81-
umaki).
s Research Society International. Pexpress type II, but not type I, collagen. After the expansion of
chondrocytes in monolayer culture, many of the cells in the culture
dishes are ﬂattened and ﬁbroblast-like and express type I
collagen2e4.
Articular cartilage has a limited repair potential5. As a result,
there is a growing interest in cartilage repair systemswhich involve
the implantation of autologous chondrocytes (ACI) into localized
chondral lesions in young adults6,7. To obtain a sufﬁcient number of
cells, autologous articular chondrocytes are obtained from a small
biopsy, expanded in monolayer culture and then transplanted into
the defects with or without a scaffold. The disadvantage of ACI is
that there is dedifferentiation of chondrocytes that occurs during
the expansion of cells in monolayer cultures, which is necessary forublished by Elsevier Ltd. All rights reserved.
Table I
The list and sequences of primers used for real-time RT-PCR
Primer Sequence (50e30)
Col1a1 S GCAACAGTCGCTTCACCTAC
Col1a1 AS GTGGGAGGGAACCAGATTG
Col2a1 S TTGAGACAGCACGACGTGGAG
Col2a1 AS AGCCAGGTTGCCATCGCCATA
Col11a2 S GACTGTAAGAAGCGAGTTACC
Col11a2 AS GCCTTCAAAGACTTCATCG
Aggrecan S TCTGGAAATGACAACCCCAAGCACA
Aggrecan AS TGGCGGTAACAGTGACCCTGGAACT
Sox5 S TTTTCCCAACAAGCCTCACTC
Sox5 AS TTGCCATCGACTTCCATTGTG
Sox6 S GGTCATGTTTCCCACCCACAA
Sox6 AS TTCAGAGGGGTCCAAATTCCT
Sox9 S AGCTCACCAGACCCTGAGAA
Sox9 AS TCCCAGCAATCGTTACCTTC
Gapdh S AAGCCCATCACCATCTTCCAGGAG
Gapdh AS ATGAGCCCTTCCACAATGCCAAAG
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drocyte dedifferentiation and the development of a method to
suppress the dedifferentiation during monolayer culture are
needed to improve the outcomes of ACI.
The mechanisms responsible for chondrocyte dedifferentia-
tion have been investigated, and several factors were reported to
inhibit chondrocyte dedifferentiation. For example, histone
deacetylase (HDAC) increases type II collagen expression by
suppressing the transcription of Wnt-5a during the dedifferen-
tiation of chondrocytes8. Inhibition of expression of cathepsin K
contributes to the maintaining the chondrogenic phenotype in
expansion culture9. In addition, the inhibition of the Rho family
GTPase ROCK also prevents the dedifferentiation of chondro
cytes10.
However, several basic issues still remain to be addressed
regarding the course of chondrocyte dedifferentiation. First, the
origins of the non-chondrocytic cells that prevail after monolayer
expansion culture have not been clearly deﬁned. It has been
supposed that chondrocytes (with a polygonal shape) turn into
ﬂattened ﬁbroblast-like cells during their expansion in mono-
layer culture. However, when harvesting cartilage and preparing
chondrocyte culture, the contamination of ﬁbroblasts cannot be
completely eliminated. Therefore, a small population of ﬁbro-
blasts is present at the start of the culture. The possibility that
these ﬁbroblasts overgrow the chondrocytes cannot be ruled out,
and the origin of the prevailing non-chondrocytic cells that
appear after monolayer expansion culture may be these ﬁbro-
blasts that are already present at the start of culture. Second, it
has not been determined whether the chondrocytes dedifferen-
tiate because they proliferate or because they are cultured in
monolayers.
To answer these questions, we used chondrocytes prepared
from Col11a2-EGFP transgenic mice and Col11a2-Cre transgenic
mice, which respectively express EGFP and Cre speciﬁcally in
chondrocytes under the control of Col11a2 promoter/enhancer se-
quences. A time-lapse observation of the cultured Col11a2-EGFP
chondrocytes revealed that chondrocytes underwent cell di-
visions, lost GFP ﬂuorescence, increased cell numbers, and pre-
vailed. The time-lapse observation of cultured Col11a2-Cre; R26-
stopﬂox-EYFP chondrocytes demonstrated that most of the cells
present after expansion in monolayer culture were or had been
chondrocytes. In addition, we found that when mitotically inactive
chondrocytes were generated by treatment with mitomycin C, they
underwent dedifferentiation, suggesting that chondrocyte dedif-
ferentiation is associated with monolayer culture, but not with cell
division itself.
Methods
Mice
The Col11a2-EGFP (Col11a2-EGFP-Ires-Puro) transgenic mice11
and Col11a2-Cre (11Enh-Cre) transgenic mice12,13 were reported
previously. The promoter and enhancer sequences of the type XI
collagen a2 chain gene (Col11a2) direct the expression of the
transgenes speciﬁcally to chondrocytes14. R26-stopﬂox-EYFP mice
(B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) were obtained from Jack-
son Laboratory. We mated Col11a2-Cre mice with R26-stopﬂox-EYFP
mice to produce Col11a2-Cre; R26-stopﬂox-EYFP mice.
Frozen sectioning and histological analysis
Mouse hindlimbs were harvested without ﬁxation and were
immediately embedded in Super Cryoembedding Medium (SCEM)
compound (SECTION-LAB). Frozen sections were prepared at 6 mmthickness with a cryoﬁlm using a CM 3050S cryomicrotome (Leica),
according to the method described Kawamoto15. The sections were
brieﬂy ﬁxedwith 100% ethanol. The sections were observed under a
ﬂuorescence microscope (Nikon). Semiserial sections were stained
with hematoxylin and eosin.
Preparation of chondrocytes from mice
Primary chondrocytes were isolated as described previously16.
The epiphyseal cartilage of the humerus and femur were dissected
from 5-day-old mice in PBS. Adherent soft tissues were physically
removed from the cartilage after digestion with 3 mg/ml collage-
nase D (Roche) in Dulbecco’s Modiﬁed Eagle Medium (DMEM) at
37C for 90 min. Chondrocytes were released from the cartilage by
soaking the tissue in 0.5 mg/ml collagenase D overnight. The
released cells were collected by centrifugation (400 g for 10 min
at 20C) and resuspended in fresh medium. Cells were seeded into
six-well plates at a density of 8.0  104 cells/well, and were
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) þ 2 mM L-Gln (passage 1). To inhibit cell proliferation,
chondrocytes were treated with mitomycin C (0.01 mg/ml) at 37C
for 2 h.
Time-lapse imaging
The six-well plates (passage 1) were subjected to time-lapse
observation using a Biostation CT (Nikon). Phase and ﬂuorescence
images were captured every 4 h for 7 consecutive days. Each image
in the movie is shown for 0.33 s, thus, 12 h corresponds to 1 s. The
DMEM medium supplemented with 10% FBS þ 2 mM L-Gln was
changed every other day.
Cell counts
We independently collected chondrocytes for culture from ﬁve
Col11a2-EGFP transgenic mice and ﬁve Col11a2-Cre; R26-stopﬂox-
EYFP mice (n ¼ 5). The number of cells in phase images and the
number of ﬂuorescent-positive cells in GFP images were counted.
Cell counts were made in triplicate wells each day.
Real-time reverse transcription PCR (RT-PCR)
We independently collected chondrocytes for culture from ﬁve
Col11a2-EGFP transgenic mice and ﬁve Col11a2-Cre; R26-stopﬂox-
EYFP mice (n ¼ 5). Ribonucleic acid (RNA) was extracted from the
chondrocytes in culture on days 2 and 6 by using RNeasy Mini Kits
(Qiagen). The total RNA was digested with DNase to eliminate any
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quantitative RT-PCR, 1 mg of total RNA was reverse-transcribed into
ﬁrst-strand complementary DNA (cDNA) by using ReverTra Ace
(Toyobo) and random primers. The PCR ampliﬁcation was per-
formed in a reaction volume of 20 ml containing 2 ml of cDNA,10 ml of
SYBR FAST qPCR Master Mix (Kapa Biosystems) and 7900HT
(Applied Biosystems). The RNA expression levelswere normalized to
the level of Gapdh expression. The primers used are listed in Table I.Fig. 1. The GFP and YFP ﬂuorescence of Col11a2-EGFP transgenic mice and Col11a2-Cre; R2
observed under a ﬂuorescent microscope. Bars, 5 mm. (B) The knee joints of 3-week-old
observed under ﬂuorescence microscope and stained with hematoxylin and eosin. Bars, 500
from 3-week-old mice were observed under phase and ﬂuorescent microscopes. Bars, 100Redifferentiation of chondrocytes by the addition of Cytochalasin B
or suspension culture
When theprimarycultured chondrocytes reached subconﬂuence
on day 6, the cells were harvested with 0.125% trypsin and 0.01%
ethylenediaminetetraacetic acid (EDTA), and reseeded at 1.5  105
cells into 6 cm culture dishes for monolayer culture or 6 cm petri
dishes for suspension culture. Cytochalasin B (Sigma) was dissolved6-stopﬂox-EYFP transgenic mice. (A) The hindlimb skeletons of 3-week-old mice were
mice were harvested and processed for cryostat sectioning. Semiserial sections were
mm in the top panels and 50 mm in the bottom panels. (C) Dermal ﬁbroblasts prepared
mm.
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trationof 2mM, andwere stored at20C. CytochalasinBwasadded
into themonolayer culture at a ﬁnal concentration of 20 mM6h after
reseeding. Phase and GFP images were taken 4 days after reseeding.Fig. 2. The dedifferentiation of chondrocytes during monolayer expansion culture as indica
positive cells out of the total cell population. *P < 0.01 compared with Col11a2-EGFP cells on e
cultured. Images taken on day 1 (B and C) and day 7 (D and E) are shown. Phase (B and D
prepared from Col11a2-Cre; R26-stopﬂox-EYFP transgenic mice were cultured. Images taken on
and I) images are shown. Bars, 100 mm. (J) The results of the real-time RT-PCR analysis of the
levels of a ﬁbroblast marker, Col1a1, and chondrocyte markers, Col2a1, Aggrecan, Col11a2, SStatistical analysis
The data are shown as averages and standard deviations. The
chi-square goodness-of-ﬁt test showed that assumptions of ated by the loss of GFP ﬂuorescence. (A) The percentages and numbers of ﬂuorescent-
ach day (n¼ 5). (BeE) Chondrocytes prepared from Col11a2-EGFP transgenic mice were
) and GFP ﬂuorescent (C and E) images are shown. Bars, 100 mm. (FeI) Chondrocytes
day 1 (F and G) and day 7 (H and I) are shown. Phase (F and H) and YFP ﬂuorescent (G
expression of marker genes in chondrocytes during monolayer expansion culture. The
ox5, Sox6 and Sox9 were examined. *P < 0.01 (n ¼ 5).
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the assumption of homogenous variance was examined by the F
test. Homogenous variances were assumed for all data by the F test.
We used two-tailed Student’s t tests. Error bars indicate  SD. P
values <0.01 were considered to be statistically signiﬁcant.
All experiments were approved by our institutional animal
committee and institutional biosafety committee.
Results and discussion
Cartilage-speciﬁc expression of reporter genes in transgenic mice
Col11a2-EGFP transgenic mice express EGFP under the control of
Col11a2 promoter/enhancer sequences11. GFP ﬂuorescence was
detected speciﬁcally in the articular cartilage and growth plate
cartilage of the hindlimbs of Col11a2-EGFP transgenic mice when
they were 3 weeks old [Fig. 1(A)]. The histological analysis showed
that GFP ﬂuorescence could be detected in the cells in the articular
cartilage and growth plate cartilage, but not in other tissues,
including the bone, meniscus, synovium, muscle and skin
[Fig. 1(B)].
Col11a2-Cre transgenic mice show Cre recombinase activities in
a chondrocyte-speciﬁc manner under the control of Col11a2 pro-
moter/enhancer sequences12. R26-stopﬂox-EYFP mice have an
enhanced yellow ﬂuorescent protein gene (EYFP) inserted into the
Gt(ROSA)26Sor locus. The expression of EYFP is blocked by an up-
stream loxP-ﬂanked STOP sequence. When bred to Col11a2-Cre
mice, Cre recombinase deletes the STOP sequence in the resultant
Col11a2-Cre; R26-stopﬂox-EYFP pups, and EYFP is expressed.
Col11a2-Cre; R26-stopﬂox-EYFP mice express EYFP in cells which
express or used to express Cre. YFP ﬂuorescence was detected
speciﬁcally in the articular cartilage and growth plate cartilage of
the hindlimbs of 3-week-old Col11a2-EGFP transgenic mice
[Fig. 1(A)]. The histological analysis showed that YFP ﬂuorescence
could be detected in the cells in the articular cartilage and growth
plated cartilage, but not in other tissues, including the meniscus,
synovium, muscle and skin [Fig. 1(B)]. Col11a2-Cre; R26-stopﬂox-
EYFP transgenic mice showed YFP ﬂuorescence in some osteoblastsFig. 3. The redifferentiation of chondrocytes by the addition of Cytochalasin B or suspens
monolayer culture or in 6 cm petri dishes for suspension culture. Cytochalasin B was added
taken 4 days after reseeding.in trabecular bone. This result may support the notion that chon-
drocytes may give rise to some osteoblasts17. Almost all chon-
drocytes were YFP-positive [Fig. 1(B)], and therefore underwent
recombination in the articular cartilage (n ¼ 3 mice).
Col11a2-EGFP chondrocytes underwent cell division and gradually
lost GFP ﬂuorescence
We prepared chondrocytes from the epiphyseal cartilage of 5-
day-old Col11a2-EGFP transgenic mice, and plated them in dishes.
On day 1 after plating, most of the cells (99% of cells) were small
and polygonal-shaped and showed GFP ﬂuorescence [Fig. 2(AeC)].
There were a few spindle-shaped and non-ﬂuorescent cells, which
appeared ﬁbroblasts. The time-lapse observation revealed that
most of the GFP-positive cells underwent cell division and gradu-
ally became enlarged and lost their GFP ﬂuorescence, suggesting a
loss of the chondrocytic phenotype (Movie 1). On day 7, only 12.5%
of the Col11a2-EGFP cells were GFP-positive [Fig. 2(A, D and E)]. A
real-time RT-PCR analysis of the cell lysates showed that the
expression levels of chondrocyte marker genes had decreased,
whereas that of type I collagen had increased as the number of days
in culture increased [Fig. 2(J)], conﬁrming that chondrocytes un-
derwent dedifferentiation. Tracing of each Col11a2-EGFP chon-
drocyte in the time-lapse images (Movie 1) suggested that most of
the cells present after expansion culture were derived from
dividing chondrocytes, andwere not the result of the overgrowth of
ﬁbroblasts that had been present in small numbers at the start of
the culture.
Supplementary movie related to this article can be found at
http://dx.doi.org/10.1016/j.joca.2013.09.004.
We then redifferentiated the dedifferentiating Col11a2-EGFP
chondrocytes by adding Cytochalasin B or by transferring them to
suspension culture, both of which are known to induce the redif-
ferentiation of dedifferentiated chondrocytes18,19. Both the addition
of Cytochalasin B and transfer to suspension culture resulted in the
recovery of GFP ﬂuorescence [Fig. 3]. These results suggest that the
Col11a2-EGFP reporter can be effectively used to monitor the
chondrocytic phenotype in our culture system.ion culture. Dedifferentiated chondrocytes were reseeded in 6 cm culture dishes for
to the monolayer culture at a ﬁnal concentration of 20 mM. Phase and GFP images were
Y. Minegishi et al. / Osteoarthritis and Cartilage 21 (2013) 1968e1975 1973Most cells were ﬂuorescence-positive after the expansion culture of
Col11a2-Cre; R26-stopﬂox-EYFP chondrocytes
We next prepared chondrocytes from the epiphyseal cartilage of
5-day-old Col11a2-Cre; R26-stopﬂox-EYFP transgenic mice, and
plated them in dishes. On day 1, most of the cells (99% of cells) wereFig. 4. The dedifferentiation of chondrocytes treated with mitomycin C during monolaye
chondrocytes with or without treatment with mitomycin C during monolayer culture. *P < 0
The percentages and numbers of ﬂuorescence-positive cells compared to the total cell popul
(CeF) Chondrocytes prepared from Col11a2-EGFP transgenic mice were treated with mitom
Phase (C and E) and GFP ﬂuorescent (D and F) images are shown. Bars, 100 mm. (GeJ) Chondr
mitomycin C and cultured. Images taken on day 1 (G and H) and day 7 (I and J) are shown.
results of the real-time RT-PCR analysis of the expression of marker genes in chondrocytes
chondrocyte markers, Col2a1, Aggrecan and Col11a2, were examined. *P < 0.01 (n ¼ 5).polygonal and showed YFP ﬂuorescence [Fig. 2(A, F and G)]. A few
cells were spindle-shaped and did not show ﬂuorescence, which
appeared ﬁbroblasts. The time-lapse observation revealed that
most ﬂuorescence-positive cells underwent cell division and
maintained their ﬂuorescence (Movie 2). On day 7, 95% of the
Col11a2-Cre; R26-stopﬂox-EYFP cells were ﬂuorescence-positiver culture, as indicated by the loss of GFP ﬂuorescence. (A) The relative numbers of
.01 compared with cells cultured in the absence of mitomycin C on each day (n ¼ 5). (B)
ation. *P < 0.01 compared with Col11a2-Cre; R26-stopﬂox-EYFP cells on each day (n ¼ 5).
ycin C and cultured. Images taken on day 1 (C and D) and day 7 (E and F) are shown.
ocytes prepared from Col11a2-Cre; R26-stopﬂox-EYFP transgenic mice were treated with
Phase (G and I) and YFP ﬂuorescent (H and J) images are shown. Bars, 100 mm. (K) The
treated with mitomycin C and cultured in monolayers. A ﬁbroblast marker, Col1a1, and
Y. Minegishi et al. / Osteoarthritis and Cartilage 21 (2013) 1968e19751974[Fig. 2(A, H and I)]. The chondrocytes in which the stop sequence
was deleted maintains their YFP expression even after they lost the
chondrogenic phenotype and Cre expression, because deletion of
the ﬂoxed stop sequence by Cre recombinase is irreversible. The
dominance of ﬂuorescence-positive cells on day 7 conﬁrmed that
most of the cells that existed on day 7 had originated from chon-
drocytes, and so were not generated by the overgrowth of
ﬁbroblasts.
Supplementary movie related to this article can be found at
http://dx.doi.org/10.1016/j.joca.2013.09.004.
Mitomycin C did not prevent the dedifferentiation of chondrocytes
To gain insight into whether cell division is necessary for the
dedifferentiation of chondrocytes, we treated chondrocytes with
mitomycin C to stop their division [Fig. 4(A)]. The time-lapse
observation showed that mitomycin C-treated Col11a2-EGFP chon-
drocytes did not undergo cell division (Movie 3), but did change in
shape from polygonal to ﬂattened ([Fig. 4(C and E)]; Movie 3) and
still gradually lost GFP ﬂuorescence ([Fig. 4(B, D and F)]; Movie 3).
Mitomycin C-treated Col11a2-Cre; R26-stopﬂox-EYFP chondrocytes
also did not undergo cell division (Movie 4), but did change shape
([Fig. 4(G and I)]; Movie 4), and did maintain their ﬂuorescence
([Fig. 4(B, H and J)]; Movie 4). The cells moved vigorously after
treatment with mitomycin C, indicating that they were alive during
the culture (Movies 3 and 4). A real-time RT-PCR expression analysis
showed that the expression levels of the chondrocyte marker genes
decreased, whereas that of type I collagen increased as the days of
culture passed [Fig. 4(K)], conﬁrming that chondrocytes underwent
dedifferentiation. These results suggest that chondrocytes dediffer-
entiate in monolayer culture even without cell division.
Supplementary movie related to this article can be found at
http://dx.doi.org/10.1016/j.joca.2013.09.004.
These results collectively demonstrated that the resultant non-
chondrocytic cells after the monolayer expansion culture of chon-
drocytes originate from chondrocytes, rather than being generated
by the overgrowth of ﬁbroblasts present at the start of the culture.
We also demonstrated that chondrocytes dedifferentiate even
without cell division during monolayer culture. The time-lapse
observation revealed that the mitomycin C-treated chondrocytes
lost Col11a2-GFP ﬂuorescence (Movie 3) as fast as the non-treated
chondrocytes did (Movie 1). This further supports the notion that
dedifferentiation is not associated with cell division, although we
cannot completely rule out the possibility that some unknown
function of mitomycin C may have caused the dedifferentiation of
chondrocytes.
The limitations of this study include the shortness of observa-
tion period. Because the reseeding of cells interrupts the tracing of
individual cells, the time-lapse observation was limited to within
the period of a single passage of 6 days in the present study. The
morphologies of the cells did not fully become ﬁbroblast-like, and
the expression level of Col2a1 decreased slightly within this period,
although that of Col11a2 decreased. Other culture conditions
inducing more dedifferentiation or a longer culture period are
needed to obtain the full dedifferentiation of chondrocytes.
The ﬁndings obtained in this study may provide the basis for
research todevelopmethods to increase thenumberof chondrocytes
without the lossof thechondrocyticphenotype inmonolayerculture,
or the redifferentiation of dedifferentiated chondrocytes for the
purpose of regenerative medicine to treat articular cartilage lesions.
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